ABSTRACT: In our previous study, we have identified a PCBP2 siRNA that exhibits antifibrotic activity in rat hepatic stellate cells (HSCs) by inhibition of αCP2, a protein responsible for stabilization of the collagen α1 (I) mRNA in alcoholic liver fibrosis. This study aims to develop a streptavidin-based nanocomplex that can efficiently deliver the PCBP2 siRNA to HSCs. Biotin−siRNA and biotin−cholesterol were mixed with streptavidin to form the streptavidin−biotin complex, which was further condensed electrostatically with positively charged protamine to form the final multicomponent siRNA nanocomplex in the size range of 150−250 nm. The siRNA nanocomplex does not induce cytotoxicity in rat HSCs as compared to commercially available transfection agents. The cellular uptake efficiency of the siRNA nanocomplex is higher in rat HSCs than other cell lines, such as Caco-2 and PC-3, indicating that receptor-mediated endocytosis mainly contributes to the cellular uptake of the siRNA nanocomplex. The siRNA nanocomplex exhibits more than 85% silencing effect on the PCBP2 mRNA in HSCs. Stability study indicates that the nanocomplex can efficiently protect siRNA from degradation in the serum. The streptavidin-based multicomponent siRNA nanocomplex provides a promising strategy to deliver the PCBP2 siRNA to HSCs. Moreover, the nanocomplex can be used as a platform for other diseases by changing the siRNA sequence and targeting ligand.
■ INTRODUCTION
Alcohol abuse is a prominent cause of liver fibrosis in western developed countries, which accounts for more than 50% cirrhosis cases. The deposition of extracellular matrix (ECM) in hepatic stellate cells (HSCs) is a key characteristic of alcoholic liver fibrosis.
1,2 Excessive accumulation of type I collagen, the major component of the ECM, in fibrotic liver is attributed to the RNA binding protein αCP2, encoded by the poly (rC) binding protein 2 (PCBP2) gene, which binds to the 3′ end of the collagen α1(I) mRNA in activated HSCs. In our previous study, we have investigated one potent PCBP2 siRNA which can lead to destabilization of the collagen α1 (I) mRNA and eventually reduce the overexpressed type I collagen in HSCs. 3 Specific knockdown of the target PCBP2 gene makes siRNA a considerable promise for therapeutic approach. However, numerous barriers, such as instability in the blood, off-target effect, and abundant negative charges, significantly limit the clinical application of siRNA. Hence, there is an imperative need to develop a safe and efficient carrier that can address these barriers.
Among all the carriers that have been developed, complexes based on the streptavidin−biotin interaction have attracted a lot of attention because of safety and ease of construction. Moreover, the complex can be easily functionalized with various targeting ligands, making it a versatile platform for targeted delivery of therapeutic agents for a variety of lifethreatening diseases. 4 For example, Lee et al. demonstrated that a streptavidin−biotin complex decorated with recombinant human epidermal growth factor (EGF) selectively delivered DNA molecules to human epidermal carcinoma A431 cells overexpressing EGF receptor. 5 In another study, an antiprostate specific membrane antigen (anti-PSMA) aptamer was coupled to an siRNA via streptavidin, leading to specific uptake of the siRNA by PSMA-positive cells. 6 Despite its promise, the streptavidin−biotin technology is not efficient alone to deliver negatively charged siRNAs due to the repulsion by negatively charged cell membrane. Therefore, cationic molecules such as polyethylene imine (PEI) have been utilized to condense anionic siRNAs. 7 However, the severe cell toxicity associated with PEI limits its therapeutic applications. By contrast, protamine is an FDA approved cationic peptide that has been extensively investigated for DNA delivery. In recent years, several studies indicated similar capability of protamine to condense siRNA in combination with cationic liposomes. 8 Taken together, a multicomponent siRNA nanocomplex made with streptavidin, biotin, and protamine could be a promising siRNA delivery system for the treatment of alcoholic liver fibrosis. In this study, siRNA nanocomplex targeting HSC-T6, a rat hepatic stellate cell line, was prepared by using cholesterol as the targeting ligand and the PCBP2 siRNA as the therapeutic agent. We demonstrated that the nanocomplex efficiently delivers the PCBP2 siRNA to the HSCs without inducing toxicity.
■ MATERIALS AND METHODS
Protamine sulfate (salmon X grade) was purchased from SigmaAldrich (St. Louis, MO); streptavidin (53 kDa), and BCA protein assay kit were obtained from Pierce (Rockford, IL). Dulbecco's phosphate buffered saline (DPBS), Dulbecco's modified Eagle's medium (DMEM), serum reduced Opti-MEM, penicillin−streptomycin, Lipofectamine-2000, and goat anti-rabbit antibody were purchased from Invitrogen (Carlsbad, CA). GelRed was purchased from Biotium (Hayward, CA). Anti-low density lipoprotein receptors (LDLR) antibody was obtained from Bio Vision Inc. (Milpitas, CA). Luciferase siRNA (sense sequence 5′-CUUACGCUGAGUACUUCGA-3′), the PCBP2 siRNA (sense sequence 5′-GUCAGUGUGGCUCUC-UUAU-3′) and negative control siRNA were purchased from Invitrogen (Carlsbad, CA). Both FITC−siRNA and biotin− siRNA were also purchased from Invitrogen (Carlsbad, CA). FITC is conjugated to the 5′ end of the siRNA antisense strand, while biotin is conjugated to the 3′ end of the siRNA sense strand.
Synthesis of Biotin Cholesterol (NH 2 -Lys(Biotin)-GlyChol). NH 2 -Gly-cholesterol was synthesized as reported 9 and then conjugated with biotin. Briefly, NH 2 -Gly-Chol (1 mmol) and Fmoc-Lys(Biotin)-OH (1 mmol) were dissolved in 2 mL of dry DMF, followed by adding EDCl (1.5 mmol) and DIPEA (1.5 mmol). The reaction mixture was stirred at room temperature overnight. After addition of 5 mL of NH 4 Cl saturated solution to stop the reaction, the organic phase was separated, washed and concentrated under vacuum. The compound Fmoc-Lys(Biotin)-Gly-Chol was purified by silica gel chromatography. The purified compound (1 mmol) was then dissolved in 4 mL of DCM. One milliliter of piperidine was added into the reaction mixture to initialize deprotection of the Fmoc group. After 30 min, the organic solvent was evaporated under vacuum. The residue was washed with 20 mL of diethyl ether three times to yield pure NH 2 -Lys(Biotin)-GlyChol as white powder (overall yield ∼50%). ESI-MS was calculated for C 71 H 98 N 2 O 13 798.17; found 798.8 [M + H] + . Fabrication of the Streptavidin-Based siRNA Nanocomplex. Biotin−cholesterol was synthesized by addition of biotin to cholesterol via a GK (glycine-lysine) dipeptide linker. Biotin−siRNA containing a disulfide linker between the 3′ end of the sense strand and biotin was purchased from Invitrogen and used without any further purification. Disulfide linker was formed by the reaction of NHS esters in NHS-SS-biotin with the primary amine group at the 3′ end of siRNA sense strand. The siRNA−streptavidin−cholesterol (SSC) complex was prepared by mixing biotin−siRNA, streptavidin and biotin− cholesterol in a 2:1:2 molar ratio. The complex was incubated at room temperature for 10 min and then condensed with varying amounts of protamine (N/P ratios of 1:1, 2:1, 3:1, 5:1, and 10:1). The final mixture was incubated at room temperature for 30 min to form the multicomponent siRNA−streptavidin−cholesterol−protamine (SSCP) nanocomplex.
Characterization of the Nanocomplex. Formation of the SSCP nanocomplex was evaluated using the Gel-Red fluorescence quenching assay as described. 10 Briefly, twenty microliters of the SSCP nanocomplexes containing 1 μM siRNA with varying N/P ratios was added to black 96-well plates along with 80 μL of Gel Red solution. The plates were incubated at room temperature in the dark for 5 min, and fluorescence was measured using a Beckman DTX 880 multimode detector (Beckman Coulter, Inc., Brea, CA) at λ exc 485 nm and λ emi 625 nm.
Zeta potential and particle size of the nanocomplex were measured using a Malvern Zetasizer nano-ZS (Malvern Instruments, Westborough, MA).
Cell Culture and siRNA Transfection. HSC-T6 cells were grown in DMEM supplemented with 10% FBS, 100 units/mL penicillin−streptomycin at 37°C in a humidified atmosphere containing 5% CO 2 . The cells were seeded in 24-well plates at a density of 1 × 10 4 cells/well as described previously. 3 The siRNA nanocomplex was prepared with N/P ratios of 5:1 and 10:1 as described above and added to each well along with 400 μL of Opti-MEM to produce a final concentration of 100 nM siRNA. The cells were then incubated for different time periods to evaluate cellular uptake or silencing activity. For the uptake experiment, FITC-labeled luciferase siRNA duplex was used. The PCBP2 siRNA was utilized in silencing experiment.
Lipofectamine-based transfection was carried out as we previously reported. 3, 11 Briefly, the transfection mixture was prepared by mixing 2.5 μL of 20 μM biotin−siRNA and 2 μL of Lipofectamine-2000 with two separate aliquots of 50 μL of serum free Opti-MEM and then combining the two mixtures at room temperature for 30 min to form a complex. Consequently, 100 μL of the mixture was added to each well along with 400 μL of Opti-MEM to produce a final concentration of 100 nM of siRNA.
Real Time RT-PCR. Gene silencing effect was determined using real time RT-PCR as we described before. 3 Briefly, total RNA was isolated using TRIzol and reverse transcribed into cDNA. Two hundred nanograms of the cDNA was amplified by real time PCR using Light Cycler 480 SYBR Green-1 Master mix on a Light Cycler 480 system (Roche, Indianapolis, IN). The primers used for the study were as follows: PCBP2, 5′-ACCAATAGCACAGCTGCCAGTAGA-3′ (forward primer) and 5′-AGTCTCCAACATGACCACGCAGAT-3′ (reverse primer); and 18s ribosomal RNA (as internal control), 5′-GTCTGTGATGCCCTTAGATG-3′ (forward) and 5′-AGC-TTATGACCCGCACTTAC-3′ (reverse).
Cytotoxicity Assay. HSC-T6 cells were plated in 96-well plates at a density of 5 × 10 3 cells/well for 12 h. An aliquot of 2 μL of SSC complex or the SSCP nanocomplex with different N/P ratios was mixed with 23 μL of Opti-MEM and added in each well along with 75 μL of Opti-MEM medium to produce a final concentration of 100 nM siRNA. The cells were also transfected with the biotin−siRNA at a final concentration of 100 nM in the presence of Lipofectamine-2000. After 24−48 h transfection, cell viability was measured using MTT assay.
Detection of LDLR by Western Blot.
Western blot was conducted to analyze the LDLR expression in HSC-T6, PC-3, and Caco-2 cells. Cell lysate was prepared as we reported previously. 12, 13 The total protein content was measured using a BCA protein assay kit (Pierce, Rockford, IL). Equal amounts of protein samples (15 μg/well) were resolved on a 7% SDS− PAGE gel. The separated proteins were electrophoretically transferred to a PVDF membrane, blocked with a 5% nonfat dry milk solution, and probed with anti-LDLR antibody. The protein was then visualized using horseradish peroxidase conjugated secondary antibody and a chemoluminescence detection kit. The same membrane was reprobed with anti-β-actin antibody as an internal control.
Cellular Uptake Study. The FITC-labeled luciferase siRNA was used in cellular uptake study. HSC-T6, Caco-2, and PC-3 cells were seeded in 96-well plates at a density of 5× Molecular Pharmaceutics 3 cells/well 24 h prior to transfection. The cells were transfected with the SSCP nanocomplex, SSC complex, protamine/siRNA complex, and naked siRNA as described above. After 6 h transfection, the cells were washed with DPBS and incubated with Opti-MEM containing 1 mg/mL heparin at 37°C for 30 min to remove nonspecific bound SSCP nanocomplex on the cell surface. 14, 15 Following heparin treatment, the cells were washed with DPBS, and fluorescence images were obtained with a Leica DMI 3000B fluorescence microscope (Leica Microsystems Inc., Wetzlar, Germany).
To evaluate the role of cholesterol in the uptake of the SSCP nanocomplex, SSCP nanocomplex containing or not containing cholesterol was incubated with HSC-T6 cells at 37°C for 3, 4, and 6 h. The cells were then washed and imaged with a Leica DMI 3000B fluorescence microscope.
To further investigate the receptor-mediated uptake of the nanocomplex, HSC-T6 cells were incubated with 150 μg/mL puromycin, an effective LDLR inhibitor, for 1 h prior to transfection. The cells were washed three times with DPBS and then transfected with FITC-labeled siRNA alone or encapsulated in the SSCP nanocomplex. After transfection, the cells were lysed on ice for 1 h in the dark with RIPA buffer containing freshly added protease inhibitor cocktail (Roche, Indianapolis, IN). The relative fluorescence was measured using a Beckman plate reader (λ exc 485 nm and λ emi 535 nm) and normalized to the total amount of protein for each sample. Stability of the Nanocomplex. Biotin−siRNA, unmodified siRNA, SSC complex and SSCP nanocomplex were incubated in 50% rat serum at 37°C for different time intervals, followed by native polyacrylamide gel electrophoresis and staining with Gel Red to visualize the intact and degraded siRNA. Only free siRNA can enter the gel and be fully visualized by the dye. The siRNA encapsulated in the nanocomplex remains at the interface of the stacking and running gels and can only be partially stained.
To evaluate the effect of endogenous biotin in the serum on the stability of the SSC complex, a dissociation study was performed in the presence of biotin at the same concentration found in human blood. Briefly, 20 μL of the SSC complex containing 500 nM siRNA was incubated with biotin (1000 pM) for different time intervals, followed by native polyacrylamide gel electrophoresis and staining with Gel Red.
Stability of the nanocomplex was further investigated using the heparin competition assay. The nanocomplexes were incubated with different concentrations of heparin (0, 2, 4, 8, 20, 40, and 80 μM) in PBS at 37°C for 15 min. Dissociated siRNAs were electrophoresed in 2% agarose gel and visualized using Gel Red. Fluorescence quenching assay was also used to monitor the siRNA dissociation.
Reduction of Disulfide Bond. To confirm that cleavage of the disulfide bond can release siRNA, the SSCP nanocomplex was incubated with 100 mM DTT at 37°C for different time intervals. To further dissociate the released siRNA from protamine, the samples were also treated with heparin at 1 mM for 5 min, followed by native polyacrylamide gel electrophoresis and staining with Gel Red. A similar cleavage study was conducted using glutathione, the most important cellular reducer, to mimic intracellular disulfide bond cleavage. SSC and SSCP nanocomplexes containing 0.5 μg of siRNA were incubated with different concentrations of glutathione (10 and 50 mM) at 37°C for 2 h as described. 16 
■ RESULTS
Fabrication of the Streptavidin-Based siRNA Nanocomplex. The streptavidin-based siRNA SSCP nanocomplex was fabricated as illustrated in Figure 1 . The nanocomplex consists of four components: (i) streptavidin; (ii) biotin− cholesterol; (iii) biotin−siRNA; and (iv) protamine. The streptavidin, biotin−cholesterol, and biotin−siRNA can form the SSC complex via the streptavidin−biotin interaction, which is one of the strongest noncovalent interactions. Protamine was added to neutralize the negatively charged siRNA and compact the SSC complex to form the multicomponent SSCP nanocomplex.
It has been shown by us and others that cholesterol can be employed as a liver-specific ligand for nucleic acids, 17, 18 and the receptors that are responsible for the uptake are low density lipoprotein receptor (LDLR) and scavenger receptor class B1 (SR-B1). 19 Therefore, we use cholesterol as a liver-specific ligand to increase the cellular uptake of the SSCP nanocomplex in HSCs. As shown in Figure 2 , biotin was conjugated to the phenolic hydroxyl group of cholesterol via the Gly-Lys dipeptide linker, which can increase the solubility of the biotinylated cholesterol. Biotin was also conjugated to the 3′ end of the sense strand of the PCBP2 siRNA via a disulfide bond, which can be cleaved by intracellular redox enzymes to release the siRNA inside cells. 20 To investigate whether the biotin−siRNA and biotin− cholesterol have the same binding affinity for streptavidin, we prepared the SSC complex at different molar ratios of siRNA:streptavidin:cholesterol. As shown in Figure 3A , at the molar ratio 2:1:2, all biotin−siRNAs are complexed with streptavidin. When the molar ratio of biotin−siRNA was increased in the complexation, free biotin−siRNA was detected in the gel retardation assay, indicating that biotin−cholesterol has a comparable binding affinity as the biotin−siRNA. We chose 2:1:2 as the optimized ratio of the SSC complex for following studies so that each of the SSC complex contains equal number of siRNA and cholesterol. To further condense the negatively charged SSC complex, protamine was mixed with the SSC complex at different N/P ratios as illustrated in Figure   3B ,C. Condensation of the SSC complex by protamine was monitored by gel retardation assay using Gel Red ( Figure 3B ). This study demonstrated that protamine can efficiently condense the SSC complex, and an increase of the N/P ratio increases the condensation.
We next studied whether the cleavage of the disulfide bond can release siRNA from the SSCP nanocomplex. The SCCP nanocomplex was treated with DTT at 37°C for different time intervals, followed by native polyacrylamide gel electrophoresis and staining with Gel Red. As Figure 3C revealed, DTT treatment alone cannot release siRNA from the SSCP complex due to the presence of protamine in the complex which binds to the cleaved siRNA. Further incubation of the DTT treated sample with heparin, a negatively charged molecule, can efficiently dissociate the cleaved siNRA from the SSCP nanocomplex.
We also studied the cleavage of the disulfide bond by glutathione, the most important cellular reducer. Two different concentrations of glutathione (10 and 50 mM) were employed for this study, in which 10 mM resembles the cytosolic concentration of glutathione in cells. 16, 21 As Figure 3D shows, glutathione cleaves disulfide bond and releases siRNA from the SSC complex and SSCP nanocomplex, indicating that siRNA can be cleaved from the SSCP nanocomplex inside cells.
Characterization of the SSCP Nanocomplex. The particle size ( Figure 4A ) and zeta potential ( Figure 4B ) of the SSC complex and SSCP nanocomplexes with different N/P ratios were evaluated by a light scattering particle sizer. The particle size of the SSC complex is around 230 nm, while the addition of protamine to the SSC complex increases the size at low N/P ratios but reduces the size to 170 nm at the N/P ratio 10:1. At low N/P ratios, the SSCP nanocomplex is not in a compact structure, leading to large particle size. By contrast, protamine could condense the SSC complex to a more compact structure at high N/P ratios. This result is in accordance with a recent report on siRNA peptide nanocomplexes which exhibit large particle size at low N/P ratios but small particle size at high N/P ratios. 22 The zeta potential of the SSCP nanocomplexes at different N/P ratios is illustrated in Figure 4B . It is not surprising that the SSC complex exhibits a negative zeta potential due to the negatively charged siRNA in the complex. As the N/P ratio increases, the zeta potential of the SSCP nanocomplex shifts from negative to positive owing to neutralization of the siRNA by protamine. Particle size and zeta potential of the protamine/siRNA complex were also examined ( Figure 4C,D) . Unlike the SSCP nanocomplex, all the protamine/siRNA complexes at different N/P ratios show similar particle size. Zeta potential of the protamine/siRNA complex shifts from negative to positive when the N/P ratio is increased from 1:1 to 2:1 and slightly increases with N/P ratio afterward. This is consistent with findings in the SSCP nanocomplex ( Figure 4B) .
Cytotoxicity Assay. Cytotoxicity of the SSC complex and SSCP nanocomplexes with different N/P ratios were assessed in HSC-T6 cells after transfection for 24 and 48 h. Figure 5A shows that both the SSC complex and SSCP nanocomplexes do not induce cytotoxicity in HSC-T6. Particularly, cationic protamine used in the SSCP nanocomplex does not affect cell viability even at the N/P ratio 10:1, indicating the nontoxic nature of all components used in the SSCP nanocomplex.
Next, cytotoxicity of the SSCP nanocomplex with the N/P ratio 10:1 was compared with Lipofectamine-2000/siRNA complex 24 and 48 h post-transfection ( Figure 5B,C) . High siRNA concentration requires a large amount of biotin− cholesterol, streptavidin, and protamine to form the siRNA SSCP nanocomplex. This may lead to more significant effect on cell viability. However, we did not observe significant cytotoxicity of the SSCP nanocomplex even when the cells were transfected at a final siRNA concentration of 200 nM. By contrast, Lipofectamine-2000 induced significant cytotoxicity in the HSC-T6 cells. The cytotoxicity is siRNA concentration dependent, indicating that the cytotoxicity is associated with the amount of Lipofectamine-2000 used in the transfection.
Cellular Uptake Study. FITC-labeled siRNA was used in this study to evaluate cellular uptake of the naked siRNA, SSC complex, protamine/siRNA complex, and SSCP nanocomplex in HSC-T6 cells (Figure 6 ). Both the naked siRNA and SSC complex did not show any cellular uptake because they carry negative charge and are repelled away by negatively charged cell membrane. Moreover, protamine condensed siRNA complexes with two N/P ratios (5:1 and 10:1) only exhibited negligible cellular uptake, indicating that simple mixing of siRNA with cationic material alone does not enhance its cellular uptake. This observation is consistent with our previous report, in which protamine alone cannot deliver siRNA into prostate cancer cells. 23 The SSCP nanocomplex showed significant cellular uptake, and the SSCP nanocomplex with the N/P ratio 10:1 is more efficient in delivering siRNA than the SSCP nanocomplex with the N/P ratio 5:1. As revealed in Figure 4 , high N/P ratios can form a more compact structure, which facilitates the cellular uptake of the SSCP nanocomlex.
To study whether cholesterol mediates cellular uptake of the SSCP nanocomplex in HSC-T6 cells, cellular uptake of SSCP nanocomplexes containing or not containing cholesterol was evaluated at different incubation intervals. As Figure 7 shows, the SSCP nanocomplex containing cholesterol exhibits higher uptake than the SSCP nanocomplex that does not contain cholesterol. This is in accordance with our previous report in which cholesterol conjugated oligonucleotide shows higher cellular uptake than native oligonucleotide. 17 Our hypothesis is that the cellular uptake of the SSCP nanocomplex is mediated by cholesterol, which is a proved liver-specific ligand. Therefore, we compared the cellular uptake of the SSCP nanocomplex in three different cell lines, PC-3, Caco-2, and HSC-T6. First, we performed Western blot analysis of LDLR, which accounts for the cellular uptake of cholesterol. As illustrated in Figure 8A , HSC-T6 cells exhibit the highest LDLR expression among the three types of cells. This is in accordance with another study conducted by Srivastav et al., which shows higher expression of LDLR in HepG2 cells as compared to Caco-2 cells. 24 Accordingly, the cellular uptake of the SSCP nanocomplex in HSC-T6 cells is higher than that in PC-3 and Caco-2 cells ( Figure 8B ). PC-3 cells show higher cellular uptake of the SSCP nanocomplex than Caco-2 cells, which is consistent with the LDLR expression.
Furthermore, we treated HSC-T6 cells with puromycin, an LDLR inhibitor, 25 to assess whether inhibition of LDLR decreases the cellular uptake of the SSCP nanocomplex. As shown in Figure 8C , puromycin treatment significantly inhibits the cellular uptake of the SSCP nanocomplex in HSC-T6 cells, indicating that LDLR is involved in the uptake of the SSCP nanocomplex.
Stability of the Nanocomplex. Poor stability is one of the major obstacles for therapeutic application of siRNA. Therefore, we evaluated the stability of naked siRNA, biotin−siRNA, SSC complex, and SSCP nanocomplex in rat serum. As illustrated in Figure 9A , naked siRNA without any modification is rapidly degraded within 0.5 h in rat serum. In contrast, biotin−siRNA is comparatively more stable in rat serum, which is attributed to the biotin modification at the 3′ end of the siRNA sense strand. siRNAs encapsulated in the SSC complex and SSCP nanocomplex are very stable, and no degradation product was observed up to 24 h in rat serum ( Figure 9B ). All the siRNAs stay at the interface of the stacking and running gels. The siRNA in the SSCP nanocomplex is not efficiently stained by Gel Red due to the compact structure of the nanocomplex. The improved stability of siRNA in the SSC complex might be attributed to the complex three-dimensional structure of streptavidin, which is not favorable for 3′ exonuclease degradation in the serum. 26 The SSCP nanocomplex protects siRNAs from degradation because protamine condenses the siRNAs and shields them from nuclease degradation.
Both siRNA and cholesterol are anchored to streptavidin by the noncovalent streptavidin−biotin interaction. However, this interaction may be affected by the endogenous biotin present in human blood. Therefore, the stability of the SSC complex was evaluated in the presence of biotin at 1000 pM, which is similar to the endogenous biotin concentration (272−1050 pM) in human blood. 27 As shown in Figure 10 , no siRNA is dissociated in the presence of biotin up to 3 h, indicating that the endogenous biotin in the blood will not disrupt the integrity of the SSC complex.
There are some logical arguments regarding the ability of cationic nanocarriers to reach the cytoplasm in the presence of polyanions, such as sulfated glycosaminoglycans in the exterior of cells. 28 The anionic components present in the cell proximity (such as proteoglycans) 22 can compete with siRNA to bind with protamine (cationic component). Therefore, it is essential to evaluate whether these anions can disrupt the electrostatic condensation between siRNA and positively charged material used in the SSCP nanocomplex. The stability of the nanocomplex was assessed in the presence of heparin in this study. The SSCP nanocomplex was incubated with different concentrations of heparin and 100 mM dithiotheritol (DTT) at 37°C. DTT was used to cleave the disulfide bond so that siRNA condensed with protamine can be released from streptavidin. Results in Figure 11A revealed better stability of the SSCP with the N/P ratio 10:1 as compared to the N/P ratio 5:1. The N/P ratio 10:1 is able to protect siRNA in the presence of heparin up to 5 μM. A similar result was observed in fluorescence quenching assay ( Figure 11B ). These observations indicate that the SSCP nanocomplex is stable in the presence of the anionic components present in the blood.
Silencing Effect of the SSCP Nanocomplex. We finally evaluated the silencing activity of the SSCP nanocomplex with the N/P ratio 10:1 in HSC-T6 cells. HSC-T6 cells were incubated with SSCP nanocomplex containing various concentrations of PCBP2 siRNA or scrambled siRNA (negative control, NC). As shown in Figure 12A , the SSCP nanocomplex showed a concentration-dependent silencing activity compared to the scrambled siRNA. This result indicates that the SSCP nanocomplex can efficiently deliver the siRNA into HSC-T6 cells and accordingly induce silencing activity.
Disulfide bond was introduced between siRNA and biotin to allow release of intact siRNA in the reductive environment of the cytoplasm. To prove this hypothesis, biotin−siRNA containing a noncleavable linker was encapsulated in the SSCP nanocomplex and its silencing activity was evaluated in HSC-T6 cells. As Figure 12B shows, the biotin−siRNA containing a noncleavable linker exhibits much lower silencing effect compared with the biotin−siRNA containing disulfide linker ( Figure 12A ), indicating release of the intact siRNA from biotin is necessary to exert its silencing activity in cells. This finding is consistent with a previous report. 29 
■ DISCUSSIONS
Despite the great promise of siRNA in treating various diseases, lack of a safe and efficient delivery system is still the major hurdle for the successful clinical translation of siRNA. Although siRNA delivery systems using cationic lipids have been shown to have promise, these delivery systems are still facing several hurdles including cytotoxicity, stability and difficulty in large scale formulation. 30−33 On the other hand, the streptavidin− biotin technology, characterized by tunable binding sites and a defined structure, presents a novel platform for siRNA delivery. Streptavidin has been found to be more effective in terms of its pharmacokinetic profile compared to its structurally resembled protein avidin. Moreover, low pI (∼6) and lack of sugar molecules in streptavidin prevent its nonspecific interaction with leptin-like or negatively charged molecules present in the blood. 34, 35 Our current study demonstrates that the SSCP nanocomplex (Figure 1 ) made by the streptavidin−biotin technique can effectively deliver the PCPB2 siRNA to HSCs without causing toxicity. The siRNA is linked to biotin via a disulfide bond, which is expected to release free siRNA from the nanocomplex in the cytoplasm. 36 This hypothesis was confirmed by siRNA cleavage study using DTT and glutathione. We demonstrated that cleavage of the disulfide bond allows release of siRNA from the nanocomplex (Figures 3C and 3D ). In accordance with a previous study showing that conjugation at the 3′ or 5′ end of siRNA sense strand does not affect silencing activity, the biotin conjugation in our study was carried out at the 3′ end of the siRNA sense strand. 37 One of the prime challenges of siRNA delivery is its polyanionic nature, which impedes its reach to negatively charged cell vicinity and further retards its uptake. To overcome this limitation, several types of polycationic nonviral delivery systems have been developed. 38−40 These systems utilize polycationic polymers/peptides that can form stable complex with siRNA through electrostatic interaction. 36 In line with these findings, we utilize positively charged protamine in the nanocomplex preparation. Protamine is a cationic peptide (M w ∼ 5 kDa) that has been widely used for gene delivery due to its inherent nature to condense nucleic acids present in sperm. 41 The N/P ratio influences the final characteristics of the SSCP nanocomplex, such as particle size, zeta potential and stability, which determines the biological activity of the encapsulated siRNA. As a result, an optimum N/P ratio is essential to ensure the stability and activity of siRNA. It has to be noted that the particle size of the SSCP nanocomplex is not correlated inversely with the N/P ratio in our study (Figure 4 ). Instead, the particle size increases gradually, reaching up to a very large size when the N/P ratio is less than 5:1. This is due to the high tendency of the nanocomplex to aggregate at low N/P ratios. 42 However, protamine can form a tight complexation with the SSC complex at high N/P ratios, leading to small particle size ( Figure 4A ) and better protection of the siRNA in the presence of serum ( Figure 9 ) and polyanion ( Figure 11) .
We have previously shown that cholesterol conjugation at the 3′ end can significantly increase the liver uptake of a singlestranded oligonucleotide. 17 Several other groups have also demonstrated enhanced liver uptake of cholesterol conjugated siRNA in vitro and in vivo. 43−46 However, this direct conjugation strategy is relatively inefficient, requiring gram quantities of siRNA in regular infusions in humans to obtain measurable gene silencing effect. 47 This inefficiency may be at least partly attributed to poor stability of the cholesterol conjugated siRNA in the blood because cholesterol conjugation alone cannot protect the siRNA from nuclease degradation. Therefore, we employed the streptavidin−biotin technology along with protamine complexation (Figure 1 ) to increase the stability of the PCBP2 siRNA.
The mechanism of hepatic uptake of cholesterol conjugated siRNA has been studied by Wolfrum et al. Cholesterol conjugated siRNA binds to LDL and HDL in the serum. The LDL-bound cholesterol-siRNAs are mainly taken up by LDLR, while HDL-bound cholesterol-siRNAs are taken up by SR-B1. Both LDLR and SR-B1 are highly expressed in the liver. 19 In accordance with this finding, we observed that cellular uptake of the SSCP nanocomplex is correlated with the LDLR expression levels in HSC-T6, PC-3 and Caco-2 cells (Figure 8 ), indicating the involvement of LDLR in the uptake of the nanocomplex. We also showed that the uptake of the nanocomplex in HSC-T6 cells is reduced by treating the cells with puromycin, which has been reported as an LDLR inhibitor in liver cells and can significantly inhibit LDLR expression. 25 However, the uptake was only reduced by approximately 30% (Figure 8 ). This may be due to the fact that SR-B1 also plays an important role in the uptake of the nanocomplex. It is worthy to note that cholesterol is not an HSC-specific ligand and the SSCP nanocomplex can also be accumulated in other liver cells. As demonstrated in our previous study, cholesterol conjugation can enhance the cellular uptake of oligonucleotides in hepatocytes, Kupffer cells and HSCs. 17 In this study we used cholesterol as a model ligand to develop and validated the SSCP nanocomplex. In the future, we will replace cholesterol with other HSC-specific ligands, such as M6P and vitamin A, to specifically deliver the PCBP2 siRNA into HSCs.
The stability of siRNA in blood circulation is another major challenge for successful delivery of siRNA. Intravenously administered siRNAs are exposed to several blood components and subjected to nuclease degradation, resulting in poor stability and low cellular uptake in target tissues. 48 Our result indicates that both the SSCP nanocomplex and SSC complex can efficiently protect siRNA from nuclease in the serum ( Figure 9 ). It is not surprising that protamine in the SSCP nanocomplex can form electrostatic interaction with the siRNA and protect it from nucleases. The improved stability of the siRNA in the SSC complex might be attributed to the steric shielding of streptavidin. This finding is similar to a previous study in which an avidin−biotin system protects antisense oligonucleotides against serum nuclease.
■ CONCLUSION
In this study, we have developed a novel and safe SSCP nanocomplex made by streptavidin−biotin technology, which allows better control of the fabrication of the siRNA nanocomplex as well as easier attachment of targeting ligand without affecting siRNA activity. The results showed that the SSCP nanocomplex is not only stable in the serum, but also capable of entering cells and inducing silencing effect in HSCMolecular Pharmaceutics T6 cells. These findings indicate that the SSCP nanocomplex can be used as a versatile platform for safe and effective delivery of siRNA to target cells.
